We previously demonstrated that the Neisseria IgA1 protease cleaves LAMP1 (lysosome-associated membrane protein 1), a major integral membrane glycoprotein of lysosomes, thereby accelerating its degradation rate in infected A431 human epidermoid carcinoma cells and resulting in the alteration of lysosomes in these cells. In this study, we determined whether the IgA1 protease also affects the trafficking of Neisseria gonorrhoeae across polarized T84 epithelial monolayers. We report that N. gonorrhoeae infection of T84 monolayers, grown on a solid substrate or polarized on semiporous membranes, also results in IgA1 protease-mediated reduction of LAMP1. We demonstrate that iga mutants in two genetic backgrounds exited polarized T84 monolayers in fewer numbers than the corresponding wild-type strains. Finally, we present evidence that these mutants have a statistically significant and reproducible defect in their ability to traverse T84 monolayers. These results add to our previous data by showing that the IgA1 protease alters lysosomal content in polarized as well as unpolarized cells and by demonstrating a role for the protease in the traversal of epithelial barriers by N. gonorrhoeae.
Neisseria gonorrhoeae (i.e., the gonococcus [GC]) causes gonorrhea in humans, its only host, and gains entry into the body via the mucosal surfaces. There is no animal model for GC disease. Studies on the molecular requirements of GC interactions with the epithelium rely on human fallopian tube organ cultures (hFTOC), immortalized human epithelial cells grown on solid substrates, and the human challenge model of urethral infection. Such studies reveal that GC attach to and invade nonciliated cells of the mucosal epithelium through the coupling of several bacterial adhesins (type IV pili, PilC, and certain Opa variants) with their cognate host cell receptors (CD46, CD66, and heparan sulfate proteoglycans), which are present in a large number of human tissues (3, 4, 7, 8, 11-13, 17, 18, 21-24, 27, 30, 35, 40-44, 47 The trafficking of GC within the epithelial cell was initially examined using hFTOC (20, 29) . However, the nature of the system limits the type and scale of trafficking studies that can be performed. Experimentation on Neisseria (GC and Neisseria meningitidis [MC] ) transepithelial trafficking has more recently relied on polarized T84 human colorectal epithelial cell monolayers (32, 33, 36, 37, 46) . Similar to cells in native epithelia, T84 cells have the capacity to polarize and form impermeable barriers with high electrical resistance when grown on semiporous membranes (10, 26) . This latter attribute permits the detection of small changes in barrier integrity. T84 cells are derived from human colorectal epithelia and thus are a model system for a site that is infected by GC in vivo. CD66 receptors have been demonstrated on the apical membranes of polarized T84 monolayers, and Opa-mediated binding of these receptors allowed rapid traversal of nonpiliated GC across the barrier (46) .
Neisserial infections of polarized T84 monolayers share key features with infections of human organ cultures. GC invade, traverse, and exit hFTOC and T84 monolayers in identical time courses (28, 32) . Very similar results were reported in studies comparing MC transcytosis in T84 and infected human nasopharyngeal organ cultures (32, 36, 39) . Furthermore, the process of transepithelial trafficking does not disrupt monolayer barrier functions (32, 36, 46) . The trafficking of GC across polarized T84 monolayers is influenced by a number of factors. Piliation modulates the speed of transepithelial trafficking in a manner that is independent of its role in attachment (32) . Certain Opa variants also influence transcytosis. Nonpiliated (P Ϫ ) strains traverse T84 monolayers very quickly, provided they express Opa variants that bind CD66 (46) .
The pathogenic neisseriae, like a number of other mucosal pathogens, secrete immunoglobulin A1 (IgA1) protease, an enzyme that cleaves the hinge of human IgA1 (hIgA1) (34, 38) . Numerous functions have been ascribed to the IgA1 protease, but its role in pathogenesis remains enigmatic. The protease has been proposed to promote bacterial colonization through cleavage of hIgA1 on the mucosal surface. IgA1 protease activity, hIgA1 cleavage fragments (2), and anti-IgA1 protease antibodies (16) have been found in the cervical mucus of infected women. A recent human challenge study showed that an iga (IgA1 protease gene) mutant was not impaired in its ability to initiate an infection in the human male urethra (19) .
The IgA1 protease also cleaves LAMP1 (15, 25) , a major integral membrane glycoprotein of lysosomes with an hIgA1-like hinge in its luminal domain (5) . Proteolysis accelerates the LAMP1 degradation rate (25) and results in multiple altera-tions in the lysosomes of infected cells (1). An iga mutant is defective in intracellular growth, compared to the wild-type (WT) parent strain (25) , and this phenotype is likely to be due to the inability of the mutant to cleave LAMP1 and alter lysosomes.
Studies on the effects of the IgA1 protease on host cell lysosomes were performed using the A431 human epidermoid carcinoma cell line grown on a solid support and the GC clinical isolate GCM740 and its isogenic iga derivative, GCM740⌬4 (38) . To further our understanding of the virulence function(s) of the IgA1 protease, we sought to determine whether the protease affects GC interactions with T84 monolayers, including transepithelial trafficking. We report that infection of T84 cells, either grown on a solid substrate or polarized on semiporous membranes, by GC strain MS11 variant A (MS11A) also resulted in reduced steady-state levels of LAMP1. In contrast, T84 cells infected with MS11A500, an isogenic iga mutant of MS11A, had near-normal LAMP1 levels. We show that this iga mutant exited polarized T84 monolayers in significantly fewer numbers than the WT strain. Finally, we demonstrate that two iga mutants have a reproducible and statistically significant defect in their traversal across polarized T84 monolayers.
Construction and characterization of an iga mutant in strain MS11A. In previous studies, we used GC strain GCM740⌬4, a P ϩ Opa Ϫ clinical isolate with a well-defined mutation in iga, the type 2 IgA1 protease gene (38) . The iga mutant and GCM740, its WT parent, have identical outer membrane protein profiles and adhered to and invaded cells equally well (25) . We wished to perform further studies on IgA1 protease interactions with T84 cells using an iga mutant in the MS11A background (14) , as this laboratory strain has been used extensively for genetic studies and studies on cell adhesion, invasion, and transcytosis. Both strains are type 2 IgA1 protease producers (25) .
To construct an iga null mutant in MS11A, the 4.2-kb HindIII fragment within the iga gene (codon 140 to beyond the stop codon) was deleted and the 1.6-kb HindIII fragment containing the kanamycin and bleomycin resistance cassette from pKIXX (Pharmacia) was inserted at this site. This construct, pKan⌬iga2 (pBR322 background), contains ϳ2.7 kb of 5Ј iga sequence, the first 139 codons, and ϳ2.5 kb of 3Ј downstream sequence. The WT iga gene in strain MS11A was replaced with the mutated iga gene in pKan⌬iga2 by transformation and allelic exchange. In the resulting mutant, MS11A500, Ͼ95% of the iga coding sequence has been exchanged for the kanamycin and bleomycin resistance cassette, while the 5Ј upstream and 3Ј downstream flanking sequences are intact (data not shown).
MS11A500 was tested for IgA1 protease activity. hIgA1 (4 g; Calbiochem) was incubated with the supernatant (5.5 l) from a 7.5-h culture of MS11A or MS11A500 grown in supplemented GCB broth as described previously (45) . As a control, hIgA1 was incubated with purified recombinant Neisseria IgA1 protease (0.1 g; Boehringer) or sterile medium. The proteins were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and stained with Coomassie blue. Results show that hIgA1 was cleaved by the MS11A supernatant and by purified IgA1 protease, but not by GCB medium or by the MS11A500 supernatant (Fig. 1) . MS11A500 therefore has no detectable IgA1 protease activity.
Next, MS11A500 was assessed for its ability to adhere to cells. T84 cells from the American Type Culture Collection were propagated as described previously (10) and infected with MS11A500 or the WT parent MS11A strain at a multiplicity of infection (MOI) of 10. At 2 and 4 h postinfection, the adhesion index of the infecting strains was determined as described before (45) . WT MS11A adhered to T84 (Table 1 ) and A431 (32) cells comparably. MS11A500 adhered slightly better to T84 cells than MS11A (Table 1) , although the difference is statistically significant only for the 2-h time point (P Ͻ 0.05, two-tailed t test for unpaired samples). MS11A500 also adhered slightly better to A431 human epithelial cells early after infection (data not shown).
Attempts to compare the invasion indices of MS11A and MS11A500 using T84 cells were unsuccessful and yielded variable data. In these experiments, a significant number of extracellular bacteria survived gentamicin treatment, even at an antibiotic concentration of 400 g/ml. The inability of gentamicin to kill all extracellular bacteria in T84 cultures may be due to the fact that T84 cells, like many epithelial cells (48) , secrete large amounts of heavily glycosylated mucins to the luminal (apical) surface. This mucous layer is likely to reduce access of gentamicin to adherent bacteria. The invasiveness of MS11A500 was therefore assessed using the A431 human epithelial cell line as described previously (25) . In these experiments, MS11A500 and MS11A invaded A431 cells equally well ( Table 1 ), indicating that the null mutation in the MS11A iga gene does not affect the invasiveness of the strain.
LAMP1 levels in infected T84 cells. Previous studies from our laboratory indicated that Neisseria infection of A431 cells resulted in reduced steady-state levels of LAMP1 (25) . To determine whether T84 cells respond similarly to GC infection, LAMP1 levels were quantitated in GC-infected T84 cultures as described for A431 cells (25) . T84 monolayers were infected with MS11A for 8 h at an MOI of 50, and total cell proteins from these cultures were immunoblotted with monoclonal antibodies against LAMP1 (H4A3) and ␤-tubulin (E7) (Developmental Studies Hybridoma Bank, University of Iowa [6] ). The blots were developed using anti-mouse alkaline phosphatase antibodies (Boehringer) by a colorimetric reaction (Boehringer), and the signals from the blots were scanned and quantitated using the NIH Image version 1.61 program. ␤-Tubulin levels served as our internal control (1, 25). Results indicate that LAMP1 levels in cultures infected with WT MS11A were noticeably reduced compared to those in uninfected cells ( Fig.  2A , compare lanes 1 and 2 with lanes 5 and 6). Normalization of LAMP1 signals to their respective internal ␤-tubulin signals revealed a 71% decrease in LAMP1 signals in MS11A-infected cultures. LAMP1 levels were higher in cultures infected with lower MOIs (S. Hopper, P. Ayala, and M. So, unpublished data), and the 71% reduction in steady-state LAMP1 levels calculated in this study is very similar to the value reported for A431 cultures infected with WT Neisseria at lower MOIs for longer periods of time (1, 25). Thus, the degree of LAMP1 reduction is dependent in part on the exposure of infected cells to the IgA1 protease.
To determine whether LAMP1 reduction is due to the IgA1 protease, MS11A500 was used to infect T84 cells under the same conditions as described above, and LAMP1 levels in these cultures were quantitated by immunoblotting. As shown in Fig. 2A , LAMP1 levels in MS11A500-infected cultures (lanes 3 and 4) were nearly identical to those in uninfected cultures (lanes 1 and 2) . This is consistent with previous observations that A431 cells infected with the iga mutant GCM740⌬4 have nearly normal LAMP1 levels (25) .
LAMP1 levels were next quantitated in polarized T84 monolayers. T84 cultures were maintained and polarized as described previously (32) and infected with MS11A for 17 h at an MOI of 10. Total proteins from infected and uninfected monolayers were quantitated by immunoblotting as described before (25) . LAMP1 levels in infected polarized T84 monolayers were also reduced (Fig. 2B, compare lanes 1 and 2 with lanes 3 and  4) . In this representative example, there was a 61% decrease in LAMP1.
Double immunofluorescence confocal microscopy of infected polarized T84 monolayers supported these immunoblot results. Polarized T84 monolayers were infected with MS11A at an MOI of 1 and processed for microscopy after 12 h as described before (Fig. 3) (31, 33) . The monolayer was infected at a low MOI to allow comparison of LAMP1 levels in adjacent infected and uninfected cells. At this time, P ϩ Opa Ϫ MS11A organisms were mostly observed in the apical region of the cell. The panels in Fig. 3 represent successive ϳ1-m-thick optical cross sections of one such monolayer, beginning at the apical plasma membrane (A) and ending near the basal membrane (I). These micrographs illustrate that cells infected with bacteria (red) have few LAMP1 signals (green) throughout their entire length and demonstrate the extent of LAMP1 reduction in individual infected T84 cells. Taken together, these results demonstrate that GC infection of T84 cells, grown on solid supports and polarized on microporous membranes, also results in reduced LAMP1 levels and that this reduction is due to the bacterial IgA1 protease.
Transcytosis of WT MS11A and MS11A500 across polarized T84 monolayers. The influence of the IgA1 protease on GC transcytosis was next examined. T84 monolayers were polarized as described before (32) and infected with MS11A or MS11A500 at an MOI of 10 (12 filters per strain). Between 22 and 34 h postinfection, the basal medium of each infected filter was plated every 2 h on GCB agar for determination of total bacterial counts (Fig. 4) . In complete infection medium, the doubling time of the two GC strains is approximately 35 min (data not shown). The bacterial counts in the basal well are therefore not an accurate indication of the actual numbers of bacteria that have exited the monolayers between two time points. However, since the extracellular growth rates of these two GC strains are identical (data not shown), the relative bacterial counts should be the same, allowing a comparison of the WT and iga strains. In such an experiment, the number of exocytosed bacteria cannot be normalized to the total number of infecting bacteria, as to quantitate the latter would require lysing of the monolayers for determination of cell-associated bacterial counts.
At 24 h postinfection, no bacteria were recovered from the basal well of any infected filter; at 26 and 28 h, only a small number of MS11A and MS11A500 organisms had crossed their monolayers. At 30, 32, and 34 h, sizeable numbers of MS11A were recovered from the basal wells. In contrast, significantly fewer MS11A500 organisms were recovered. For instance, at the 34-h time point, there were 4.8 times as many MS11A organisms in the basal well as MS11A500 organisms (P Ͻ 0.05, two-tailed t test for unpaired samples). At the last time point, the electrical resistance of all infected monolayers was high, indicating that infection did not noticeably affect barrier integrity. An experiment comparing GCM740 and GCM740⌬4 yielded similar results (data not shown). Thus, fewer iga mutants than WT parental strains exited polarized T84 monolayers.
Finally, the transcytosis times of WT and iga mutants were examined. The apical wells of polarized monolayers were inoculated with WT bacteria (GCM740 or MS11A) or their isogenic iga mutants (GCM740⌬4 or MS11A500). At each time point, each infected filter was transferred to a new well containing sterile medium in another microtiter plate, and this new plate and the plate of basal medium from the previous incubation period were incubated further. The presence of bacteria in the basal medium from the previous time point was determined by the turbidity and the yellow color of the medium after overnight incubation. The basal medium was scored as either positive or negative for bacteria. A positive score for a particular basal medium was taken as an indication that by that time point bacteria had crossed the filters. For each bacterial strain, the number of wells yielding bacteria in the basal medium was expressed as the percentage of the total number of wells infected. In all, 67 experiments were performed, using a total of 3,180 polarized T84 filters; 786 filters were infected with MS11A, 845 filters were infected with MS11A500, 772 filters were infected with GCM740, and 777 filters were infected with GCM740⌬4. Results are shown in Fig. 5 . For each strain, each time point represents an average of the sum of filters from all experiments. The electrical resistance of all monolayers was determined before and after each experiment. The measurements were consistently high for all monolayers up to the 36-h time point (data not shown). Thus, the bacteria were not destroying the cellular tight junctions and entering the basal medium through intercellular spaces or damaged cells.
Results indicate that in both the GCM740 and MS11A genetic backgrounds the iga mutants were 3 to 5 h slower in crossing the monolayers than the WT strains at earlier stages of infection. The differences in transcytosis times between WT and iga mutants are statistically significant: the least-likelihood-ratio test yielded a P value of Ͻ 0.005 for each pair of strains assayed. In this experiment, bacteria were detected in the basal medium as early as 10 h postinfection. In contrast, results from the previous experiment indicate that bacteria did not enter the basal medium until 26 h postinfection. The discrepancy in these two results probably lies in the fact that in this experiment the presence of one bacterium in the basal well will result in a positive score for that filter. This method is therefore more sensitive than the preceding experiment (Fig.  4) , which requires plating a portion of each basal well for determination of bacterial counts. FIG. 4 . Means and standard deviations of MS11A and MS11A500 exiting polarized T84 monolayers. Polarized T84 monolayers were infected with MS11A (black bars) or its isogenic iga mutant MS11A500 (white bars) (12 filters per strain). At various times, the basal medium from each infected filter was plated for determination of total bacterial counts. The values are the averages of all 12 filters. ‫,ء‬ P Ͻ 0.05, two-tailed t test for unpaired samples.
FIG. 3. Double immunofluorescence laser scanning confocal microscopy of GC-infected T84 monolayers. Polarized T84 monolayers were infected with MS11A and fixed and stained for bacteria (red) and LAMP1 (green) using polyclonal anti-total GC protein antibody 8547 (33) and monoclonal anti-LAMP1 antibody H4A3 and secondary BODIPY anti-mouse and Texas red anti-rabbit antibodies (Molecular Probes). Each panel represents an ϳ1-m-thick optical cross section of an infected monolayer, starting at the apical membrane (A) and ending near the basal membrane (I). The arrows mark an infected region of the monolayer. Images were acquired with a Leica (L900) confocal laser scanning microscope and were compiled and processed using Adobe Photoshop version 4 software.
In the present study, we have demonstrated that GC infection of T84 cells, either grown on solid substrates or polarized on semiporous membranes, results in reduced steady-state levels of LAMP1 and that this reduction is due to the IgA1 protease (Fig. 2) . We have also provided evidence that the MS11A500 iga mutant exited polarized T84 monolayers in fewer numbers than its parental WT MS11A strain (Fig. 4) . This defect cannot be due to a reduced adhesion or invasion ability, as MS11A500 and MS11A invaded epithelial cells equally well and, in fact, MS11A500 was slightly more adherent than MS11A at 2 h postinfection (Table 1) . It was reported previously that the iga mutant is defective in its ability to replicate within A431 cells (25) . This traversal phenotype of the MS11A500 iga mutant may reflect a similar growth defect in T84 cells, although the hypothesis cannot be confirmed: intracellular growth assays cannot be performed in T84 cells due to the intrinsic limitations of the cell line. Alternately, the traversal phenotype may be due to an undefined trafficking defect.
We have also provided evidence that in the earlier stages of bacterial transcytosis (up to 36 h postinfection), iga mutants in the GCM740 and MS11A genetic backgrounds were 3 to 5 h slower than the WT strain in crossing polarized T84 monolayers (P Ͻ 0.005 for each pair of strains [ Fig. 5]) . These results strongly support the notion that the IgA1 protease influences GC transcytosis across polarized T84 monolayers. The partial transcytosis defect of these iga mutants may be related to the defect in intracellular replication observed for the GCM740 iga mutant in A431 cells (25) , although we cannot offer an explanation for how fewer intracellular bacteria might result in a slower-trafficking phenotype. Alternatively, the slow-transcytosis phenotype of the iga mutants may be due to the defect in IgA1 protease-mediated processing of bacterial (38) and/or host cell membrane proteins.
That an iga mutant is affected in its intracellular trafficking is not at variance with the results from a previous study which concluded that an iga mutant and its isogenic WT parent behaved identically in infected hFTOC (9) . The nature of the hFTOC assay precluded the detailed examination of bacterial transcytosis and exocytosis. Nor can our results be compared to those from a recent study which demonstrated that expression of the CD66-binding Opa variants by GC and Escherichia coli recombinants resulted in rapid bacterial transcytosis across polarized T84 monolayers (46 Recent studies indicated that an iga mutant of GC strain FA1090 was able to colonize the urethra in male volunteers and cause gonococcal urethritis (19) . Thus, the IgA1 protease is not strictly required for establishing a urethral infection. In relating these observations to our findings, it must be borne in mind that the human challenge model, although powerful in many respects, has practical limitations that do not permit a full examination of the role of the IgA1 protease in gonococcal disease. As stated by the authors of reference 19, the challenge model does not detect slight differences in bacterial infectivity. Our findings that the IgA1 protease has a mild effect on GC traversal across T84 monolayers would likely be missed in the challenge study. For ethical reasons, the human challenge study permits examination only of early stages of an infection and thus cannot address issues pertinent to later stages of a gonorrhea infection, such as persistence. GC is able to colonize and infect a number of sites besides the urethra, all of which have distinguishing characteristics. It also causes disease in women. If the IgA1 protease plays a role in the infectivity of bacteria for these other sites, this would be missed by the challenge model. In summary, our studies strongly suggest that the IgA1 protease plays a role in GC transepithelial trafficking. The ability to detect such subtle defects illustrates the power and sensitivity of the T84 system for such studies. It will be interesting to determine the exact molecular basis for these trafficking defects and the significance of these findings to gonococcal disease.
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